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Characterization of Mineral Precipitates 
by Electron Microscope Photographs 
and Electron Diffraction Patterns
By Carol J. Lind

Abstract

Transmission electron micrographs and electron dif­ 
fraction techniques can be used to characterize micro- 
crystalline precipitates too minute for characterization by 
X-ray diffraction. Included is a description of the electron 
microscope, explanations of sample preparation and dif­ 
fraction pattern interpretation, and examples of electron 
micrograph and electron diffraction applications and their 
limitations.

The techniques, applied to preparations of man­ 
ganese oxides, show the development of crystallinity and 
the change in crystal form with aging. y-MnOOH and 
Mn :! O, are identified in precipitates from two prepa­ 
rations. Correlation of the electron micrographs and elec­ 
tron diffraction patterns with X-ray diffraction patterns for 
these precipitates demonstrates the validity of these elec­ 
tron microscope techniques. Micrographs and diffraction

patterns illustrate, after aging the relatively pure Mn. ; O, 
precipitate, the transformation of Mn..O, to y-MnOOH. In 
two other preparations, electron diffraction shows diffrac­ 
tion patterns of precipitates whose crystals are too poorly 
developed to give X-ray patterns. After these preparations 
and another preparation were aged, the interpretation of 
the data indicated the precipitates to be /^-MnOOH and a 
mixture of y-MnCL and possibly Mn-,0.;. These techniques 
were also used to identify pure iron carbonate, iron 
oxides, bobierite, fluorapatite, and some aluminum sul- 
fate sediments.

For the manganese oxides discussed, measurements 
by electron diffraction are as reliable as those by con­ 
ventional X-ray diffraction for c//,/./ spacings of 0.49 nm or 
less.

INTRODUCTION

Electron microscope photographs and electron 
diffraction patterns are valuable tools for characteriz­ 
ing microcrystalline materials and other solids whose 
crystallinity is not readily identifiable. The use of 
transmission electron microscope to obtain electron 
micrographs and electron diffraction techniques is de­ 
scribed. Several microcrystalline manganese oxides 
are characterized in terms of crystal structure and 
J-spacings by the application of electron micrographs 
and electron diffraction techniques.

Microcrystalline particulates, such as clay min­ 
erals and oxides of manganese and iron, have large 
surface areas per unit weight and have sites for 
surface-mediated processes in natural water systems. 
The mineralogical identities and the relative concen­ 
trations of the components in microcrystalline particu­ 
lates determine their cation exchange and adsorption 
properties and their solubility relationship controls. 
Also the particle size, the degree of crystallinity, and 
particularly, the surface composition and morphology 
are integral parts of the influences on these properties 
and controls. Consequently, meaningful and accurate 
water-system modeling requires characterization of 
microcrystalline particulates.

Chemical analysis, surface area determination, 
and X-ray diffraction are common means used to 
characterize these particulates. However, particulates 
that are still in the initial stage of formation, those that 
are in transition from one mineralogical form to 
another, or those that are in their last stages of dissolu­ 
tion can be too minute to permit mineralogical identifi­ 
cation by X-ray methods.

X-ray patterns of well-crystallized, larger than 
0.1 (Jim, material with no lattice strains show reason­ 
ably sharp X-ray diffraction lines at all angles. As the 
particle size decreases below 0.1 /u,m, the X-ray dif­ 
fraction lines become less sharp and patterns of crys­ 
tallites smaller than 0.01 /u,m show no back reflection 
and very wide, diffuse, low-angle X-ray lines (Klug 
and Alexander, 1974). The manganese precipitates 
used here for illustrative purposes are primarily in the 
0.1 (j.m and less size range.

THEORY

Electron microscope photography

An electron microscope is essentially an inverted 
optical microscope that uses electrons instead of light
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and that has magnetic lenses instead of glass lenses. A 
negative dc-accelerating voltage applied to the 
tungsten cathode produces an electron beam. Under 
high vacuum, a focused, accelerated electron beam 
impinging on fluorescent screen creates a visible im­ 
age.

Resolving power of the electron microscope

According to Haine and Cosslett (1961), the re­ 
solving power, the finest detail a microscope can re­ 
solve, is limited by the relationship:

d = 0.61X/sin a, (1) 
where d is the radius of the radiation patch that images 
an infinitely small radiating object, X is the wavelength 
of illumination, and a, the angular aperture, is the 
semiangle of the light cone leaving a point in the object 
and entering the objective lens. The collection of all 
possible illuminating radiation, as required by high 
magnifications, is facilitated by a large angular aper­ 
ture. Thus, the best resolution is given by large a val­ 
ues and short X. The upper limiting value for sin a is 1, 
hence d is effectively limited to a value near 0.61X.

The unaided eye can perceive detail no finer than 
about 0.1 mm. The resolving power of a light micro­ 
scope is limited to values near the green light 
wavelength, about 500 nm. The electron beam 
wavelength is up to 10~5 times the wavelength of 
visible light, and thus the electron microscope has po­ 
tential for a much greater resolving power.

Haine and Cosslett (1961) derived the term:
X = V(1.5/<£) nm, (2) 

where <£ is the applied accelerating voltage. The value 
100 kV (the accelerating voltage used in this work) 
applied to equation 2 gives a X of 0.0037 nm. This 
value, smaller than the interatomic spacings in a solid, 
suggests the possible magnitude of electron micro­ 
scope magnification. Electron diffraction patterns, de­ 
scribed later, are an illustration of the passage of elec­ 
trons between atoms in a solid. (Table 1 lists the values 
of X for potentials ranging from 20 kV to 4000 kV.)

The detail and contrast in the sample limit the 
usable degree of resolution. A thin metal coating 
applied to the test material by a sample-coating device 
improves the contrast. The metal coating, applied at a 
selected angle, creates a shadowing effect and makes 
possible an estimate of particle thickness.

Types of electron microscopes

There are two general types of electron micro­ 
scopes, the scanning electron microscope and the 
transmission electron microscope. Just as the eye 
views a three-dimensional surface by light reflected 
from an object, the scanning electron microscope im-

Table 1. Electron beam wavelength, \, as a function of 
the accelerating voltage, <j>, applied to the electron gun

I After Beeston and others, (1972)]

Accelerating Voltage, <f>
(kV)

20 ..............
30 ..............
40 ..............
50 ..............
60 ..............
70 ..............
80 ..............
90 ..............
100 ..............
200 ..............
300 ..............
400 ..............
500 ..............
600 ..............
700 ..............
800 ..............
900 ..............
1000 ..............
2000 ..............
4000 ..............

Wavelength, A.
(nm)

......... .0.00859

.......... .00698

.......... .00602

.......... .00536

.......... .00487

.......... .00448

.......... .00418

.......... .00392

.......... .00370

.......... .00251

.......... .00197

.......... .00164

.......... .00142

.......... .00126

.......... .00113

.......... .00103

.......... .00094

.......... .00087

.......... .00050

.......... .00028

ages a three-dimensional surface by electrons reflected 
from a sample. The transmission electron microscope 
images outlines of both thick and thin samples by the 
electrons passing by the sample and images structural 
features of thin samples by electrons passing through 
the samples.

Electron diffraction

The electron microscope produces electron dif­ 
fraction patterns by diffracting a collimated electron 
beam projected onto a sample. In a crystalline solid, 
planes of atoms, lying at angles 0 to the incident beam, 
diffract some of the beam's electrons as the electrons 
pass through the sample. The diffracted electron beam 
forms a pattern of spots, each representing an image of 
the beam refracted from one of the planes of atoms. 
The pattern is viewed as the beam impinges on a 
fluorescent viewing screen and is recorded as the beam 
strikes a photographic film or plate. Interpretation of 
the recorded pattern can define many of the spacings 
between the atomic planes (d^s) in the one or more 
substances the sample contains. From these spacings, 
along with supplementary information, the identities of 
the minerals present can be deciphered. The tendency 
toward a preferred orientation in the electron diffrac­ 
tion sample causes some dhM spacings to be missing 
and the spot intensities to differ from the peak inten­ 
sities obtained by X-ray diffraction. Ross and Christ
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(1958), Ross (1959), Andrews and others (1967), and
Beeston and others (1972) describe interpretation of 
cell dimensions and crystal form from electron diffrac­ 
tion patterns.

The diffraction pattern

Particles larger than 0.1 pm produce electron dif­ 
fraction spot patterns, and particles from 0.1 /AID to 
0.01 /urn produce continuous ring electron diffraction 
patterns (Andrews and others, 1967). (The upper size 
limit for electron diffraction is discussed in the next 
section.) Also, a single crystal creates an ordered array 
of spots and several randomly oriented crystals of the 
same material create an arrangement of these spots in 
concentric rings. As the number of crystals and ran- 
domness increase, the spots merge, forming partial or 
complete rings. Well-defined crystals give distinct pat­ 
terns. However, the minute size and poorly crystalline 
state of the material studied here produce faint pat­ 
terns that in some cases required darkening for 
visibility against the measuring grid. Figure 1A is a 
schematic diagram of a spot pattern representing a 
simple cubic crystal structure; that is, sodium 
chloride. Figure IB shows a spot pattern produced by 
several crystals that were in the electron beam path 
and represents a sample discussed later in this work. 
Figure 1 C is a ring display produced by a film of gold 
plating used as a standard in this work.
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Figure 1A.   A schematic of a diffraction pattern for a sim­ 
ple cubic crystal. The numbers represent the Miller indi­ 
ces of the lattice planes from which the spots arise (from 
Beeston and others, 1972).

Sample thickness limitations

The rather low penetrating power of electrons 
restricts electron diffraction to thin, electron- 
transparent samples. According to Goodhew (1972), 
the intensity of the electrons transmitted depends on 
the electron scattering factor of the sample, and the 
scattering factor is related to the atomic number of the 
sample atoms. For example, at 100 kV, an amorphous 
aluminum sample, several tenths of a micron thick, 
yields a usable pattern. To obtain a pattern from a

Figure 1B.  Electron diffraction spot pattern of a sample.

Figure 1C.  Electron diffraction ring pattern of a gold 
standard.
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uranium sample, the sample must be near a few hun- 
dredths of a micron in thickness. Utilization of the tilt 
mechanism on the microscope stage allows the exam­ 
ination of slightly buckled samples with restricted 
areas of proper orientation. This mechanism permits 
penetration of several microns of aluminum or more 
than one tenth of a micron of uranium. An image inten­ 
sifying device, described later in this paper, facilitates 
the examination of samples up to twice the normal 
permissible thickness. Thicker samples can be pene­ 
trated by increasing the accelerating voltage. Voltages 
in the MeV range have been used (Goodhew, 1972). 
Thick samples that the electrons cannot penetrate can 
be thinned. The sample character governs the thinning 
technique chosen. Goodhew (1972) described sample- 
thinning techniques in detail.

Conditions required to make a pattern

Discrete diffraction spots occur only for condi­ 
tions satisfying the Bragg law. The Bragg law is

X = 2dhkl sin 9 (3) 
where X is the incident electron beam wavelength, dhkl 
is the spacing between the individual planes, and 9 is 
the diffraction angle. As already stated, the 
wavelength varies with the accelerating voltage 
applied to the electron gun.

Application of the Bragg law to interpret d/,,,/ spacings

Bragg's law can be simplified to a useful approx­ 
imation. By simple geometry

tan 29 = R/L (4) 
where R is the distance from the diffraction-pattern 
center to the spot or ring in question and L, the camera 
length, is the distance between the specimen and the 
photographic plate or film. (Actually, the "effective 
camera length" varies with the instrument settings.) 
Because the angles 9 through which the electrons are 
diffracted are very small (only 1° - 2°), there is little 
error in the approximation

tan 29 = 2sin 9. (5) 
Thus

R/L = Kidhkl (6) 
which rearranges to

Adjustments to the high-voltage supply, adjust­ 
ments to the lens currents, instabilities in the electron 
circuitry, or utilization of the specimen-tilting mecha­ 
nism can alter the term, XL (the camera constant). 
Thus, the camera constant must be determined for 
each set of diffraction patterns (Beeston and others, 
1972). Once the camera constant is determined, the

dhM spacings of the sample can be calculated. The dis­ 
tance of each spot or ring from the central spot of the 
sample pattern is measured, and this value is inserted 
in equation 7 along with the established camera con­ 
stant, giving the dhM represented by that spot or ring.

EXPERIMENTAL PROCEDURE

The instrument used in this study for both elec­ 
tron micrographs and electron diffraction patterns is 
an A.E.I, transmission electron microscope, model 
EM6G 1 , which has a 30-100-kV range and a 600- 
120,000-magnification range.

Preparation of samples

Residues, obtained by filtering suspensions of 
solids, were resuspended while still damp and then 
dispersed in an ultrasonic bath. Drops of this sus­ 
pended sample were dried successively on Formvar- 
covered copper grids of 200 or 300 mesh. Using a 
Thermionic diffusion pump evaporator, model TL1- 
10, the dried sample was then coated with platinum 
metal directed at an angle of 45°. Kay (1965) and 
Goodhew (1972) present detailed descriptions of var­ 
ious mountings methods for many kinds of samples.

Electron micrographs

A series of micrographs for each sample was 
made to illustrate sample crystallinity. Each sample 
photographic series includes several degrees of mag­ 
nification for several sample areas and from mounts on 
more than one grid. Depending on the discernible 
sample detail, the magnification is from 10,000 to 
100,000. Depending on the resolution shown on the 
negatives, the final photographic prints were enlarged 
by two, three, or four times, and they range in magnifi­ 
cation from 20,000 to 320,000.

Electron diffraction patterns

Sample mounting and diffraction pattern interferences

The samples for electron diffraction must be 
mounted differently than those for electron micro­ 
graphs. The platinum coating on the samples prepared 
for electron micrographs masks the sample pattern 
with a platinum pattern. Copper diffraction patterns of

'Mention of brand names is for identification only and does not 
imply endorsement by the U.S. Geological Survey.
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the copper grids can adulterate diffraction patterns of 
samples.

For diffraction patterns, only one drop of sus­ 
pended sample is dried on carbon-coated Formvar 
films mounted on MaXtaform H5 grids. The use of 
only one drop minimizes the opportunity for grid cor­ 
rosion caused by successive applications and evapora­ 
tions of suspensions. The carbon support films give 
greater mechanical strength and stability under elec­ 
tron bombardment. The hexagonal holes of the MaX­ 
taform H5 grids retain the necessary film support and 
the resulting increased hole area permits sample exam­ 
ination away from grid-metal interference.

The examination of five sample areas and at least 
two sample mountings gives a representation of the 
test material discussed here. The examination of the 
sample mounted on two or more grids, one gold and 
the other nickel or copper-rhodium, helps to distin­ 
guish the sample pattern from a possible grid-metal 
pattern.

Sample portion making the pattern

The diameter of an aperature opening controls 
the size of the area of the sample diffracting the beam. 
Decreasing the opening decreases the area. Beeston 
and others (1972) recommend I/am as the lower limit 
for the diameter of the sample area subjected to the 
electron beam. When using a modern high-resolution 
microscope set at 100 kV to examine a 1 /am diameter 
area, they calculated that the size and location of the 
area of the sample is subject to a typical 24 percent 
uncertainty due to spherical aberrations. The 24 per­ 
cent is for low-order reflections. A high-voltage elec­ 
tron microscope set at 1,000 kV gives this 24 percent 
accuracy for 15 nm diameter area. Also, frequently 
occurring image focusing inaccuracies, such as with a 
thick sample, cause further inaccuracy of area selec­ 
tion. The combined effect is that, for a setting of 100 
kV, an area of less than 1 /xm in diameter cannot be 
selected with any reasonable accuracy (or, for a setting 
of 1,000 kV and a similar degree of focusing 
inaccuracy, an area possibly of less than 0.1 /am).

The sample area examined by electron diffrac­ 
tion is very small compared to that examined by X-ray 
diffraction in a smear or power pack. In addition, elec­ 
tron diffraction is capable of characterizing a very 
select sample portion. If only small amounts of sample 
are available or if individual sample components are 
examined, the electron diffraction method may be the 
most satisfactory procedure. Characterization of indi­ 
vidual sample components by electron diffraction re­ 
quires that the components be well separated on the

sample mount. The separation must be such that only 
the component to be examined is in the vicinity of the 
area to be viewed. However, as will be shown later in 
this paper, the characterization of sample components 
with more than one component in the viewing area is 
possible when sufficient supporting information is 
available.

In the present experiments the sample portion 
diffracting the beam is approximately 6 /am in diame­ 
ter. Two photographs of the diffracting material are 
made after each diffraction pattern is photographed. 
The 50,000 magnification exposure, figure 2A, indi­ 
cates the detailed sample morphology. This exposure 
is a view of sample material located at the center of the 
diffraction beam. The 8,000 magnification photo, figure 
25, shows the entire sample that is diffracting the 
beam. The 8,000-magnification photograph is exposed 
twice on the same negative, once with only the dif­ 
fracting material and then again with both the diffrac­ 
ting material and the surrounding material. Figures 2A 
and 2B correspond to the diffraction pattern shown in 
figure IB and are identified in table 5 as Mn: iO 4 + 
y-MnOOH.

Structural damage by the electron beam

A strong electron beam can damage or destroy 
the sample structure and sometimes even change the 
sample composition or completely evaporate the sam­ 
ple. When viewed as an electron micrograph, a beam- 
damaged sample may show indistinct details and ap­ 
pear out of focus, the sample may appear partly 
melted, or the sample may just disappear by bubbling 
and boiling away as it is being viewed. Figure 3 illus­ 
trates the fuzzy, melted appearance of a beam- 
damaged sample. Beam damage may change a diffrac­ 
tion pattern to a different array of spots or rings or may 
weaken or completely obliterate the pattern. Beam 
damage is minimized by focusing with as low an elec­ 
tron beam intensity as practical. Photographing the dif­ 
fraction pattern before photographing the 50,000- and 
8,000-magnification electron micrographs records the 
pattern with a minimum of sample structure alteration. 
Beam damage and lack of shadowing may cause the 
above micrographs to show less detail than the micro­ 
graphs of the platinum-coated sample. Thus, the 
platinum-coated samples are generally better for exam­ 
ination of overall sample morphology.

An image-brightener attachment permits exam­ 
ination with a low-beam intensity and viewing of pat­ 
terns that otherwise would be difficult or impossible to 
see on the fluorescent screen. As mentioned earlier, 
this attachment also makes it possible to get diffraction 
patterns of thick samples.
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Figure 2.  Electronmicrographs of sample material diffracting the beam (pattern of sample is shown in fig. 16). A, The 
view at the center of beam focus. (Film view is 50,000 magnification.) B, View of the entire sample portion producing the 
diffraction pattern (lighter background) and the surrounding material (darker background). (Film view is 8,000 magnifica­ 
tion.)

Figure 3.  Sample material that has suffered structural 
damage from beam exposure. The dark wide border 
around the darker sample material and poor definition of 
some of the pale material is caused by beam damage.

Pattern interpretation

Radius measurement

The radii of the diffraction patterns are measured 
by placing the film image over a fine-lined measuring 
grid on a light table. The pattern is viewed through a 
magnifying lens, and the less distinct spots and faint 
rings are marked with a fine-tipped pen to make them 
more visible against the grid. Another mode of measur­ 
ing the radii is with a measuring microscope.

Accurate measurement of diffraction-ring radii 
requires meticulous care. The procedure is even more 
tedious when detailed spot patterns rather than rings 
are present. Generally the radius of a ring can be 
closely ascertained by measuring the diameter. As op­ 
posed to measuring radii directly, measuring the diam­ 
eter and then calculating R increases the final dhk, ac­ 
curacy. To measure R for a pattern of spots, the center 
of the pattern is located as precisely as possible, then 
the distance from the center to each spot is measured. 
Operator judgment is required to ascertain the 
significance of radius mesurements observed for only 
one spot, or for only a few spots and for measurements 
that are nearly but not exactly equal. Figure IB illus­ 
trates detailed spot patterns. For many of the samples, 
an estimate of the relative intensity of a spot or ring
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and (or) of the relative frequency of each R occurrence 
are listed in the tables of dhki spacings. (Within the 
limits of measurement precision, the averaged R accu­ 
racy increases with the frequency of occurrence.)

Determination oidhki values can be facilitated by 
means of a diffraction pattern measuring device with a 
densitometer and chart recorder. The apparatus au­ 
tomatically produces a permanent expanded chart rec­ 
ord of film density variations along the selected scan­ 
ning track. The pattern can be read to between 0.05 
and 0.1 mm count of the line spacing for dhki value 
determinations, depending on the chart speed and the 
scanning speed choice. Extremely weak lines, line 
segments, and spots can be evaluated. This increased 
radii-measurement capacity extends the usefulness of 
the electron diffraction pattern and improves meas­ 
urement precision.

Camera, constant

Several methods of determining the camera con­ 
stant were discussed by Hall (1966), Andrews and 
others (1967), Rymer (1970), and Beeston and others 
(1972). One method is to apply equation 7 to values 
derived from a ring pattern of a standard material such 
as gold. The metal is plated onto a small part of the 
sample grid, and a ring diffraction pattern is photo­ 
graphed on an area where there is no sample material. 
Using the same grid for standard and sample patterns 
minimizes the need to alter the camera settings be­ 
tween those used for the standard and those used for 
the sample unknown. The constant is obtained as fol­ 
lows: (1) the diameter of each of the sharp, complete 
rings on the gold standard diffraction pattern is meas­ 
ured; (2) each of these diameters is halved and then

multiplied by its associated gold dhM value; (3) these 
products are averaged. The average is considered the 
camera constant.

The camera constant might be better named the 
diffraction pattern constant as it is specific for each set 
of patterns and for each direction the radius is meas­ 
ured. For this work, the constant was determined for 
measurements across the film and for measurements 
lengthwise of the film. Although the camera constants 
were determined with each set of diffraction patterns 
with the microscope left on and the settings not greatly 
altered, the camera constants for the two directions 
varied from pattern set to pattern set by about ±0.5 
percent or less over a period of a day. Changes in 
instrument settings and in precision of pattern meas­ 
urement contribute to the apparent variance.

Figure 1C shows a gold standard pattern and 
table 2 illustrates the calculation of the two averaged 
camera constants.

Calculating dftfc/ values

The camera constant and each measured value 
for R applied to equation 7 give a sample dhM value. 
The camera constant chosen is the one corresponding 
most closely to the direction of the particular test sam­ 
ple R measurement. Because ring patterns represent a 
type of averaged spot pattern, their /?'s are measured 
and their dhM values are calculated for the two di­ 
rections of camera constant determination, and then 
the results are averaged. All the dhkt values obtained 
for the manganese samples are summarized (tables 3 
through 7). Because of their questionable reliability, 
dhki values that occur only once or twice are not part of 
the initial correlation of electron diffraction dhki values

Table 2. Calculation of the camera constant using gold as a standard

Gold literature values ' 
A.S.T.M. Index 

no. 4-784

hkl d,lk i 

(nm)

111 0.2355 
200 .2039 
220 .1442 
311 .1230 
222 .1177 
331 .09358 
420 .09120 
422 .08325

Average ......................

Calculations 
lengthwise 

of film

Measured Camera constant 
radius (dhkl x Radius) 
(mm) (ijun 2)

6.86 1.616 
7.98 1.627 

11.24 .621 
13.16 .606 
13.76 .620 
17.36 .625 
17.82 .625 
19.53 .626

..........................1.621

Calculations 
across 

film

Measured Camera constant 
radius (dhk i x Radius) 
(mm) (l*m 2)

7.04 .658 
8.09 .650 

11.45 .651 
13.41 .649 
14.07 .656 
17.68 .654 
18.20 .660 
19.92 .658

1.654

'Taken from Smith and others (1960).
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with reported dhM values. These questionable values 
are added later to further confirm the sample identity. 
Groupings ofdhM values that vary within measurement 
error are averaged to give the reported dhkl value.

X-ray diffraction data

The X-ray diffraction data were obtained with a 
Phillips X-ray diffractometer. The samples were 
mounted either by drying the precipitate directly on a 
glass slide or by cementing the sample-coated Milli- 
pore or Nuclepore polycarbonate filter membrane onto 
the slide. A thin dried sample layer on the filter mem­ 
brane usually cannot be removed. The Nuclepore 
membrane itself gives a broad peak at about 0.506 nm, 
so sample peaks with a dhkl value near this dimension 
must be pronounced enough to be distinguished from 
the Nuclepore peak. The results reported here note 
which samples were mounted on Nuclepore mem­ 
branes.

RESULTS

Experimental data that characterize some syn­ 
thetic manganese oxides demonstrate the usefulness of 
electron microscopy. The oxides were prepared by 
aeration of manganous perchlorate and manganous 
sulfate solutions at pH's between 8.5 and 9.5 and at

temperatures between 0° and 25°C; they were aged in 
solution. The nature of these oxides is difficult to de­ 
termine exactly. They tend to be complicated mixtures 
of Mn2+ , Mn3 + , and Mn4+ species; the crystals are 
very small and often poorly developed. (The test mate­ 
rials were prepared as part of a study of these oxides 
by J. D. Hem and C. E. Roberson. The oxide prepara­ 
tion details will be described in later publication!s) of 
the study results.

The experimental data shown here illustrate the 
applicability of electron microscope photographs and 
of electron diffraction to the interpretation of micro- 
crystalline morphology. The micrographs give a direct 
view of the morphology of microcrystalline samples. 
Also the degree of crystallinity indicated by the photo­ 
graphs helps to predict the quality, type, and detail of, 
the diffraction patterns. Electron diffraction is particu-. 
larly helpful for the determination of dhM spacings in 
very small crystals.

Correlation of electron microscope studies, 
X-ray data, and published results

Tables 3 and 4 show evidence that dhki spacings 
from electron diffraction patterns for known materials 
correlate with results obtained by previous workers as 
well as or better than spacings determined by X-ray 
diffraction. The data in tables 3 and 4 indicate conclu­ 
sively that the test samples are y-MnOOH and Mn3 O4

Figure 4.  View of platinum-shadowed, needle-shaped 
y-MnOOH crystals, aged 20 days, showing their tendency 
to clump together into balls.

Figure 5.  View of platinum-shadowed, pseudocubic 
Mn,..O t crystals, aged 1 hour.

Results



Table 3. Correlation of electron diffraction and X-ray diffraction dhki values with published d,, kl values for -y-MnOOH 

[Intensities listed relate to largest peak numerically or in terms of W (weak), S (strong), V (very), and M (medium)]

'Taken from Bricker (1965). 
2 B broad peak. 
3 ( ) found on only one grid. 
4(-) found in only one view.

This work Literature data ]

Age, 5 days

X-ray 
diffraction

di,ki 1 
(nm)

0.413 B22
.338 10
.263 5
  ....
   ... .
.226 3
  ....
.1767 1
.1703-? B2 2
.1674 B22
  ....

.150 Bl 2

.1434 Bl 2
   
   
   
  ....
  .

 
.   
  .
... _
  ....
... .
  _ ....

....

Age, 20 days

Electron 
diffraction

(nm)

(0.414
( .344
( .270 -
( .257

.243

.223
_ 

( .179
_ 

( .168
 

( .1567
( .150

.1437

.1331

.1274

.1225
  .

( .1153 -
 
 

( .1106
( .1081 -
( .1016 -

.0989

.0938
( .0905 -

.0900

/

W)3

S)
VW)4

VW)
S
M
... _
M)
 
S)
__._
VS)
W)
VS
M
M
M
-__.
VW)
 
  _
VW)
VW)
M)
S
M
S)
M

X-ray 
diffraction

df,ki 
(nm)

 

0.338
.263
.252
.240
.226
.220
.1773
.170-?
.167
 
 
.150
.1433
.133
.1318
 
....
....
_ 
 
-.._
 
_ 
... .
... .
....
....

1

 
10
4
1
4
3
2
2

B22

5
  _
....

2
2
1
1
 
  .
....
... .
 
  _
 
 
 
._ 
....
....

X-ray 
diffraction

(nm)

....

0.341
.265
.252
.241
.228
.220
.1781
.1710
.1675
.1637
....
.1502
.1435
.1323
.1262
.1214
.1182
.1158
.1139
.1118
.1089
.1080
.1015
.0993
  .
 
....

1

 
10

5
1
8
3
3
2

.5
9

.1
....

.1
1.5
.5
.2
.2
.1
.1
.2
.1
.2
.1
.1
.1
 
 
  -

respectively. Figures 4 and 5 show electron micro­ 
scope views of these platinum-shadowed materials.

Effects of aging on manganese oxide 
precipitates

The usual precipitate obtained by aerating dilute 
manganous perchlorate solutions at a pH of 8.5 to 9.5 
is Mn3 O4 , hausmannite (Hem, 1980). The material 
shown in figure 5 is Mn3O4 that was precipitated in this 
way at pH 8.5 and 27°C. The suspension was sampled 
immediately after completion of the reaction; the pre­ 
cipitate consisted of masses of individual crystals a 
few hundredths of a micron in diameter. The suspen­

sion was aged in a covered beaker for 3 months and 
then resampled. During this period the precipitate was 
partly altered to y-MnOOH, the long needles of which 
can be seen in figures 6A and 6B.

Electron and X-ray diffraction data for the 
freshly prepared and the aged samples are given in 
tables 4 and 5.

Identification of microcrystalline precipitates

Poorly crystallized microcrystalline materials 
from two different preparations are shown in the mi­ 
crographs; they are so undeveloped that they give little 
or no X-ray patterns. In spite of their poorly developed

Results



Table 4. Correlations of electron diffraction and X-ray diffraction dflk, values of freshly prepared samples (age 7 hour) 
with published dllkl values for Mn3 O4

[Electron diffraction values from ring patterns. Intensities listed numerically relative to largest peak or in terms of W (weak), S (strong), V 
(very), and M (medium)]

This work

Electron diffraction

dhki 
(nm)

0.493
.312
 
.279
.250
 
.2049
.1817
 
.1715
 
.1562
 
.1448
 
 
.1287
.1233
.1191
.1132
.1080
 
 
.1025
.09823

/

W
M
 
M
VS
 
S
M
 
W
 
VS
 

S
 
 

M
M
M
M
M
 
 
M
M

X-ray diffraction

dhki 
(nm)

?-nucIepore
0.309

.287

.276

.247

.234

.203
 
.176
.170
.164
.158
.154
.144
 
 
.127
 

/

peak
2
1
5

10
1
2
 
2

1
1
4
6
3
 
 

1
 

Literature data } 

X-ray diffraction

dhki 
(nm)

0.492
.308
.287
.276
.248
.236
.203
.1828
.1795
.1700
.1641
.1575
.1542
.144
.1381
.1346
.1277
.1229
.1193
.1122
.1081
.1061
.1030
.1019
.0985

/

8
8
2
9

10
4
6
5
4
2
2
4
9
3
1
2
3
2
2
1
2
1
2
2
2

'Taken from Bricker (1965).

crystallinity, they give definable electron diffraction 
patterns that show y-MnO2 , nsutite, age 3 hours, and 
/3-MnOOH, age 3 days, might be forming (figs. 7 and 8 
and tables 6 and 7, respectively).

Evidence of the crystal structures being formed 
is shown further for y-MnO2 and possibly for Mn2 O3 at 
age 66 days. The diffraction data for this aged material 
corresponds with the literature data for y-MnO2 (nsu­ 
tite), Mn2 O3 (partridgeite), and MnO2 (ramsdellite). 
y-MnO2 may have ramsdellite and pyrolusite inter- 
growths (Burns and Burns, 1977). Faulting (1965) de­ 
scribes nsutite as hexagonal in form; Bricker (1965) 
describes nsutite as lathlike in appearance. According 
to Bystrom (1949) and Swanson and others (1974), 
ramsdellite and partridgeite both may be orthorhom- 
bic. In light of the above, the micrographs show the 
crystal forms to be expected (table 6 and fig. 9).

Compared to the poorly defined preparation at 
age 3 days, this same preparation at 24 days and

another preparation at 5 months gave much better evi­ 
dence of /3-MnOOH formation. Bricker (1965) de­ 
scribes /3-MnOOH as hexagonal- and lath-shaped 
platelets. Both the micrographs and the diffraction 
data agree with the literature data as to the formation 
of 0-MnOOH (table 7 and figs. 10 and 11).

Experimental limitations

Upper limit of dhkl vaJues

According to Beeston and others (1972), unless 
the measured value of R (the radius of a diffraction 
ring or the distance from a spot to the center of the 
ring) is 4 mm or more, the accuracy of the dhki will not 
be satisfactory. Spots closer to the center tend to be­ 
come lost in the diffuse scattering of electrons around 
the central spot. This phenomenon sets an upper limit 
of dhld values that can be measured reliably by electron 
diffraction.
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Photographs of diffraction patterns for a gold 
standard were made before and after the test sample 
patterns were photographed. The camera constant 
values from 15 of these gold diffraction patterns (all 
taken at 100 k V) were averaged and applied to equation 
7. Using the recommended 4-mm distance formeas-

Figure 6.  View of platinum-shadowed, partially oxidized 
Mn.jO,. A, Mn : ;O, crystals coating y-MnOOH needles, 
aged 90 days, and B, same material but at four times the 
magnification of view A, making the crystal shape of 
Mn :; O, more obvious.

urements of R, the maximum dhM is 0.405 nm for 
measurements lengthwise of the film and 0.426 nm for 
measurements across the film. Assuming a decrease in 
voltage from 100 to 80 kV changes the camera constant 
by only the amount caused by the A. increase listed in 
table 1, the maximum dhM values that can be measured 
at 80 kV using the recommended 4-mm minimum dis­ 
tance are 0.458 nm and 0.467 nm, respectively. Bee- 
ston and others (1972) did not recommend voltages 
lower than 80 kV because of decreased specimen pene­ 
tration and increased chromatic blurring of the image.

Figure 7. View of platinum-shadowed, poorly defined, 
microcrystalline manganese oxide, aged 3 hours.

Figure 8.  View of platinum-shadowed, poorly defined, 
microcrystalline /3-MnOOH from preparation 1, aged 3 
days.
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Table 5. Correlation of electron diffraction and X-ray diffraction dllk, values of aged, partially oxidized Mn:,O4 samples 
with published d,lk/ values

[For electron diffraction, four grids were examined and because there were so many spots, only the spots adjacent to the two axes for the 
camera constant determination were considered. For electron diffraction, intensities are listed numerically relative to the most number of 
spots measured with a specific dhk, and for X-ray diffraction, intensities are listed numerically relative to the largest peak]

This work

Partially oxidized Mn:,O4 
Age, 90 days

Electron 
diffraction

d,lkl
(nm)

----

3 (0.342
 

( .295
.275
.264
.256
.253
.249

( .246
.244

( .242
4( .238

( .236
.229
.224
.221
.216
.202
.183
.181
.180
.172
.167
.164
.161
.159

( .157 -

.154

.152

.150

.147

.144

.142

.140

.139

.136

.132

.130

.128

.126

.124
( .122

1

----

2 )
 
0.7)
2
9
6
7
2

.2)
3
2 )
1 )
.7)

4
1
5
3
3
4
3
7
4
3
5
2
3
1 )

5
4
6
7

10
7
5
4
6
8
3
5
5
7

1 )

X-ray 
diffraction

d,k, I
(nm)

7-nuclepore 
peak 0.08 

0.493
.340 10
.308 .09
.288 .05
.276 .2
.264 2
   
   
.248 .3
   
   
  _
 
.236 .07
.227 1
.223 .2
   
   
.204 .08
   
   
.179 .07
.170 2
.167 .1
.163 .8
   
   
 
.155 .09
.154 2
   

  .  
   
.143 2
   
   
   
.1323 .2
.1296 6

   
   
 

Literature data

l Mn:,O,

X-ray 
diffraction

dhkl 1
(nm)

0.492 8
   
.308 8
.287 2
.276 9
   
   
   
.248 10
   
   
   
   
.236 4
   
   
   
   
.203 6
.1828 5
   
.1795 4
.1700 2
   
.1641 2
   
   
.1575 4
   
.1542 9
   
   
   
.144 3
   
   
.138 1
.1346 2
   
   
.1277 3
   
,1229 3
   

2y-MnOOH

X-ray 
diffraction

d,lk,
(nm)

0.340
 
 
 

.264
 

.253
 
 
 
.242
 
 
.228
 
.220
 
 
 
 
.179
.171
 
.164
 
 
 
 
 
 
.150
 
.144
.143
 
 
 
.132
.130
.128
.126
.124
.121

/

 

10
 
 
 

5
 

3
 
 
 

7
 
 

4
 

4
 
 
 
 

6
4
 

8
 
 
 
 
 
 

4
 

4
4
 
 
 

4
1
1
2
1
2
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Table 5. Correlation of electron diffraction and X-ray diffraction d,lk, values of aged, partially oxidized Mn:i O, samples 
with published d/lki values Continued.

This work Literature data

Partially oxidized Mn:,Oj 
Age, 90 days

] Mn:i O4

'Taken from Bricker (1965). 
2Taken from Gattow (1962). 
'( - ) found in only one view. 
4 ( ) found on only one grid.

2 y-MnOOH

Electron 
diffraction

d» kl /
(nm)

(

(

(

.120

.117

.115

.113

.111

.108

.105

.103

.100

.0986

5
6
1 )
5
4
 

1
.8)

2
 

3
4 )

X-ray X-ray 
diffraction diffraction

d,, kl 1 dllkl
(nm) (nm)

.1193
.1181 .06 .1180
     

.1137 .7

.1116 .2
.1099
.1081
.1061
.103
.1019

     

.0985

/

2
2
 
 
 

1
2
1
2
2
 

2

X-ray 
diffraction

dhkl
(nm)

_

.118

.116

.113

.111
.109
.108
 

.103

.102

.101
.099

/

_
4
3
4
3
3
3

4
2
4
4

Figure 9.  View of platinum-shadowed precipitate of 
manganese oxide from the same preparation as shown in 
figure 7. Here the preparation has been aged 66 days and 
definite crystal shapes can be seen. This view is 0.4 times 
 the magnification of the view shown in figure 7.

Figure 10. View of platinum-shadowed, hexagonal- and 
lath-shaped platelets of yS-MnOOH from preparation 1, 
aged 24 days. This view is at twice the magnification of the 
view of the 3-day-old material shown in figure 8.
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Figure 11.  View of platinum-shadowed, hexagonal- and 
lath-shaped platelets of /3-MnOOH from preparation 2, 
aged 5 months. The magnification of this view is 1.6 times 
the magnification of the view of preparation 1 in figure 8.

Tables 3 through 7 list dhkl values from electron 
diffraction patterns taken at 100 kV. Even if the R 
values were somewhat less than 4 mm, the results 
were as close to published dhM values as results ob­ 
tained in this work from X-ray diffraction, where 
X-ray diffraction could be used. Examples are the 
0.493 nm value in table 4 (corresponding to an R of 
3.29 mm lengthwise of the film and of 3.35 mm across 
the film), the 0.472 nm value in table 6 (corresponding 
to an R of 3.43 mm lengthwise of the film and of 3.50 
mm across the film), and the 0.46 nm values in table 7. 
So, with care, patterns of/?'s somewhat smaller than 4 
mm can give satisfactory results and, as seen in table 
6, patterns with R's substantially smaller can at least 
give indicative information.

Time and effort required

Another experimental limitation is the great 
amount of time and effort required to obtain the de­ 
sired information. The sample preparation, the prob­ 
able need for examining several views and mountings, 
the film development, and especially, the many radii 
measurements and the calculations and summaries of 
the corresponding d^s are all time consuming. How­ 
ever, for the identification of many microcrystalline 
solids that defy detection by X-ray, electron diffrac­ 
tion is an invaluable tool.

Other applications

Furthermore, besides being used for the study of 
manganese precipitates, the electron micrographs and 
electron diffraction methods discussed in this report 
have also been used in this laboratory for the identifi­ 
cation of five other precipitates that were difficult to 
identify by X-ray alone. Some of these precipitates 
gave few or no X-ray patterns. The precipitates were 
from studies of:(l)the preparation of pure iron carbon­ 
ate; (2) the preparation of iron oxides; (3) the condi­ 
tions that favor the formation of bobierite and the con­ 
ditions that favor the formation of fluorapatite; and (4) 
the identification of some natural aluminum sulfate 
sediments of spheroidal shape with a diameter of 0.1- 
0.2 fjim. Some of these precipitates were obtained 
dried, and resuspension might possibly have altered 
their form and (or) their composition. The dried pre­ 
cipitates were, therefore, mounted by dusting the 
powder over the Formvar-cove red grids.

CONCLUSIONS

Four manganese oxide minerals were identified 
by transmission electron microscope photography, by 
electron diffraction, and by X-ray diffraction. The data 
show that transmission electron microscopy and elec­ 
tron diffraction are valuable methods for identification 
of minerals that are too minute for identification by 
methods commonly used. Experimental data indicate 
that interpretation of electron diffraction patterns, as 
applied in this work, is as accurate as conventional 
X-ray diffraction results for dhM 's of 0.49 nm or less.
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